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Membrane Fouling by Components of NOM
Pressure-driven membrane filtration is used to purify drinking water, industrial process water, and wastewater by removing decreasingly smaller particles using microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). However, fouling of membranes by various organic and inorganic foulants degrades and compromises the performance of membranes, reducing their useful lifetime and increasing operating costs for energy consumption and downtime for replacement or backwashing to restore membrane flux.
Fouling of membranes by natural organic matter (NOM)-including fulvic acids (FA) and humic acids (HA)-is a significant problem (Mozia et al., 2005; Costa and de Pinho, 2005; Fu et al., 2008; Sutzkover-Gutman et al., 2010; Miao et al., 2018) .
Aquatic NOM is a complex and spatially and temporally variable organic mixture composed of many different types of compounds. Variable inputs of FA and HA of aquatic and terrestrial origin comprise 60-90% of dissolved organic carbon in most natural waters (Zularisam et al., 2007) . Fulvic acids dominate aquatic humic substances (Taniguchi et al., 2003) . In addition to FA and HA, NOM is also composed of hydrophilic acids, proteins, amino acids, and carbohydrates (Wells et al., 2017) . Concern exists regarding the contribution of all organic compounds to membrane fouling.
In addition to fouling membranes, HA may interfere with the removal of micropollutants from water by membrane filtration due to competition for the ion exchange binding sites (Imbrogno et al., 2017) . The removal of FA and HA is also essential because they are precursors for the formation of hazardous disinfection by-products (DBPs) during chlorination of water (Abouleish and Wells, 2015) . Therefore, much research has been focused on understanding the Much of the research on the effect of HA on membrane fouling has involved Aldrich HA (with or without additional purification/fractionation) and other commercial sources of HA from terrestrial sources. Aldrich HA is more aromatic with a higher metal content than are aquatic HS (Taniguchi et al., 2003) . It has a distribution of functional groups more like that of leonardite HA than like soil or aquatic HA. Studies with Aldrich HA have demonstrated that Ca 2+ enhances fouling due to the reduction in charge on the HA, resulting in adhesion between HA in bulk solution and the fouling layer (Costa et al., 2006) . A study of the effects of Ca 2+ and Mg 2+ with two different UF membranes showed that Ca 2+ was more effective in increasing fouling compared to Mg 2+ because it binds more strongly with HA (Wang et al., 2015) . The hydrophobic polyethersulfone (PES) membrane exhibited greater binding with HA in the presence of Mg 2+ and Ca 2+ compared to the more hydrophilic cellulose membrane. Hong and Elimelech (1997) compared Aldrich HA with IHSS Pahokee Peat HA and IHSS Suwannee River HA using an NF membrane at varying Na + and Ca 2+ concentrations and pH levels. They showed that membrane fouling increased with increasing Na + and Ca 2+ , but fouling by HA carboxylic groups was more responsive to Ca 2+ than to Na + at equivalent salt concentrations, due to the stronger binding of Ca 2+ to HA. With a decrease in pH and a decrease in ionization of HA weak acid groups, fouling increased. Comparison of the three HA sources showed that the same mechanisms of fouling were involved for all three sources, but Aldrich S4 and peat HA were much more effective foulants than Suwannee River HA. A similar difference between the Suwannee River HA and Aldrich HA was shown by Yuan and Zydney (2000) . Given that the same mechanisms apply to fouling by Aldrich HA and Suwannee River HA, some investigators developed a strategy of doing much of their experimental studies on HA with the relatively inexpensive Aldrich HA and then confirming the results with the standard Suwannee River HA (e.g., Jones and O'Melia, 2001; Esfahani et al., 2015a) . In their review of membrane fouling research, Goosen et al. (2004) concluded that hydrophilic membranes, feed water with low mineral salts, and low pH were the most suitable conditions for reducing fouling due to HA. Kulovaara et al. (1999) investigated fouling by IHSS Nordic FA and HA solutions and lake water and determined that membrane charge was affected more by the HA than the FA and that HA caused more plugging and flux reduction than did FA. They also found that lake water from a high dissolved organic carbon (DOC) lake in Finland caused more fouling than did the FA and HA, suggesting that other components in surface waters are important in fouling. Aoustin et al. (2001) concomitantly examined the IHSS Suwannee River FA and HA and also found that rejection (particles removed from the permeate) and flux decline (reduced permeate flow) were more significant for HA than FA and concluded that the HA was more responsible for irreversible pore adsorption and plugging whereas the FA demonstrated a smaller, more reversible flux decline. Aoustin et al. (2001) noted that it was more important to use aqueousderived organics than soil-derived organics in membrane fouling studies due to the importance of the characteristics of the organics.
To better understand the components in surface waters that result in membrane fouling, some investigators have used a modification of the Thurman and Malcolm (1981) method for S5 separation of HA and FA from water. In the modified method developed by Aiken et al. (1992) , the first step is, as with the Thurman and Malcolm (1981) approach, acidification to pH 2 and adsorption of the hydrophobic fraction (HA + FA) onto a XAD-8 column. The effluent from the column is passed directly onto a XAD-4 column (a more polar resin than XAD-8) which sorbs the transphilic acids. The effluent from the XAD-4 resin is collected as the hydrophilic fraction. Cho et al. (1999) compared four surface water sources and showed that the hydrophobic and hydrophilic fractions were the most problematic concerning fouling. They determined that much of the hydrophilic fraction that adhered to the membrane and caused fouling was composed of carbohydrates. Carroll et al. (2000) fractionated river water using the method of Aiken et al. (1992) with an additional step to further partition the hydrophilic fraction into a fraction that has a negative charge at pH 8 and a neutral fraction. They found that the flux decrease with time on hollow fiber polypropylene was most significant for the neutral hydrophilic fraction. Comparison of fouling by the hydrophobic, transphilic, and negative hydrophilic fractions showed that these fractions were similar to each other. For this river water, the rate of flux decrease for the whole water was controlled by the neutral hydrophilic fraction (Carroll et al., 2000) .
To investigate the interaction of aquatic HA with hydrophilic neutral components in surface waters, Jermann et al. (2007) studied fouling of a UF polysulfone membrane with solutions containing a mixture of IHSS Nordic HA and alginic acid, a polysaccharide isolated from brown algae. They found that alginate had a stronger negative effect on flux than did HA but that the fouling due to alginate was much more reversible than with HA. When alginate and HA are both present with 1.25 mM Ca 2+ , an alginate cake formed, and fouling was relatively irreversible. S6 Studies of membrane fouling using HA, FA, and aquatic fractions of natural waters obtained with XAD8−XAD4 fractionation have helped establish the principles that are involved in the fouling of filtration membranes. This research led to the development of mixed matrix membranes and nanoparticle composite membranes in an attempt to minimize the clogging and adsorption that causes fouling (Zhang et al., 2008; Esfahani et al., 2015b) . Also, various pretreatments including coagulation, ozonation, photocatalytic oxidation, activated carbon (Mozia et al., 2005; Chu et al., 2017) and biochar (Chu et al., 2017) , were developed in part based on use of commercial humic fractions, and may be used to remove NOM before membrane filtration. Reducing NOM in the feed concentration to the membrane system reduces subsequent membrane fouling (Chu et al., 2017) .
Can soluble HS be used to clean soils of heavy metal contaminants?
Ex-situ soil washing with aqueous solutions of commercial chelating agents, e.g., EDTA, is an available method for cleansing contaminated soils of heavy metals (Di Palma et al., 2007; Borggaard et al., 2011) . However, EDTA is expensive and not readily biodegradable. Potentially problematic metals such as Cd, Cu, Ni, Pb, and Zn are largely bonded to soil organic matter (SOM) in most soils, suggesting the possibility of using soluble HS as a more environmentally friendly reagent to extract these ions from contaminated soils (Borggaard et al., 2011; Kulikowska et al., 2015a,b) . Borggaard et al. (2009 Borggaard et al. ( , 2011 extracted contaminated soils with a processed cow slurry prepared by an oxidative hydrolytic process (Bio-HS) with a DOC concentration of 1200 mg kg -1 .
Ten sequential batch extractions of three highly contaminated soils removed up to 54% of the S7 Cd and 39% of the Cu, but were less effective for Ni, Zn, and Pb. Lead was particularly difficult to extract from the two calcareous soils, which can be explained by the formation of PbCO3 at the high pH in these lead-contaminated soils (Maskall and Thornton, 1998) . However, the humic solution was not as effective as EDTA. Kulikowska et al. (2015a) used the crude 0.1 M NaOH humic extract from sewage sludge compost at a DOC of 3000 mg L -1 to extract heavy metals from a soil to which Cd and Cu had been added followed by aging for one month. With three successive batch extractions, they were able to extract 97.7% and 98.2% of the Cu and Cd, respectively, from a low organic matter sandy loam soil and 83.2 and 88.9%, respectively from a high organic matter clay soil. In a subsequent study (Kulikowska et al., 2015b) , they added Pb, Zn, Cu, Ni, and Cd and aged the amended soil for up to 24 months before extraction.
After 24 months of aging, three extractions removed 79.1% of added Cd, 51.5% of the Cu, 44.8% of the Pb, and lesser quantities of Ni and Zn. Aging had little effect on Cu and Pb extractability. These data suggest that at least for Cd and Cu, extraction with soluble humic solutions might be a simple, cost-effective option for remediation of some contaminated soils. S8 
